Recent evidence indicates that a central bottleneck causes much of the slowing that occurs when two tasks are performed at the same time. This bottleneck might reflect a structural limitation inherent in the cognitive architecture. Alternatively, the bottleneck might reflect strategic (i.e., voluntary) postponement, induced by instructions to emphasize one task over the other. To distinguish structural limitations from strategic postponement, we examine a new paradigm in which subjects are told to place equal emphasis on both tasks and to emit both responses at about the same time. An experiment using this paradigm demonstrated patterns of interference that cannot easily be attributed to strategic postponement, preparation effects, or conflicts in response production. The data conform closely to the predictions of structural central bottleneck models.
When people try to carry out two separate choiceresponse tasks at nearly the same time, responses to one or both tasks are usually delayed. The slowing often shows up on the second task and becomes greater as the time between stimulus onsets (the stimulus onset asynchrony, or SOA) is reduced. This effect is known as the psychological refractory period (PRP) effect. Welford (1952) , who noted that the PRP effect occurs even when two tasks do not obviously share input or output systems, was the first to suggest that the effect is due to a central bottleneck. According to this hypothesis, central operations (response selection and perhaps other operations) can take place on only one task at a time.
The central bottleneck hypothesis makes several distinctive predictions regarding how manipulations of Task 1 and Task 2 stages should affect reaction time (RT) to Task 2 (see Pashler, 1984; Schweickert, 1978; Schweickert & Townsend, 1989) . It predicts that the effects of manipulating Task 2 central stages should combine additively with the dual-task slowing that arises when the SOA is reduced. 1 In contrast, it predicts underadditive interactions between manipulations of prebottleneck Task 2 stages and SOA. These and other bottleneck model predictions have been repeatedly confirmed (e.g., McCann & Johnston, 1992; Pashler, 1984; Pashler & Johnston, 1989; see Pashler, 1994a , for a review).
Although it seems clear that a central bottleneck can occur in PRP experiments, one can still question whether the bottleneck is "structural" (i.e., a basic limitation that arises due to cognitive/neural architecture). In many PRP studies, subjects are instructed to emphasize the speed of Task 1 responses. If they take this to mean "Never make the Task 2 response before the Task 1 response," then central postponement might arise as a strategic (i.e., voluntary) effort to prevent response reversals. Thus, "interference" would occur, but not as a consequence of any fundamental limitation in cognitive architecture (e.g., Koch, 1995; Meyer & Kieras, 1997a , 1997b Ruthruff, Miller, & Lachmann, 1995) .
It has also been noted that much of the dual-task slowing attributed to the central bottleneck might instead be due to other factors. Gottsdanker (1980) and Koch (1995) , for instance, pointed out that subjects must prepare for two tasks at short SOAs but only one task at long SOAs. Thus, slowing of RT at short SOAs could be due to reduced task preparation. 2 Also, dual-task interference might be due in part to structural but not central interference-for example, conflicts in response initiation or production (De Jong, 1993; Keele, 1973) .
Although several authors have suggested the possibility that there is no structural central interference between tasks, there have been few attempts to address this issue empirically. The present paper addresses this gap. For this purpose, we propose a new dual-task paradigm designed to determine whether there is interference between tasks that cannot be attributed to strategic post-
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A NEW PARADIGM FOR ANALYZING DUAL-TASK SLOWING
In planning the experiment described here, the goal was to eliminate noncentral sources of interference (e.g., peripheral interference, voluntary postponement, preparation changes) as much as possible and then to examine whatever dual-task slowing remains. To eliminate peripheral interference, we present subjects with two tasks that do not share input or output modalities. To strongly discourage strategic postponement in dual-task blocks, we tell subjects that both tasks are equally important, and, therefore, they should not delay one task in favor of the other. To further eliminate any incentive for voluntary postponement, we urge subjects to emit both responses at approximately the same time (i.e., to "group" their responses). Beginning with the earliest PRP research, it has been noted that subjects readily group responses (Borger, 1963) , and indeed the traditional practice of emphasizing Task 1 responding was adopted to prevent grouping. In the present design, by contrast, response grouping is explicitly encouraged. To further encourage subjects to process both tasks at the same time, we present the stimuli simultaneously on every dual-task trial (rather than using a variable SOA, as in the typical PRP paradigm). 3 To examine the difference between single-and dualtask performance without contamination from differences in task preparation (Koch, 1995) , we use a nontraditional single-task condition. Instead of presenting the same task on every trial within a single-task block, we randomly intermix stimuli from the two tasks. Because subjects do not know which task will be required, they should prepare both tasks insofar as possible, just as in dual-task blocks.
For reasons to be explained later, the tasks are chosen so that one generally takes longer to perform than the other. In the experiment below, the easier task required the subject verbally to report the number of tones presented (one or two); the more difficult task was to manually indicate whether an upside-down letter was a normal or mirror image (i.e., a "mental rotation" task; see Cooper & Shepard, 1973) . We refer to these as the tone task and the letter task, respectively.
Two tests are performed on the data to determine whether there is a structural central bottleneck. The first test involves a comparison of single-and dual-task RT. As discussed in the next section, if there is no central interference, then only a relatively small amount of dualtask slowing should occur. Structural central bottleneck models, on the other hand, predict several hundred milliseconds of slowing. If slowing does occur, a second test will determine whether the effects of prolonging central operations on the easier of the two tasks "carry over" onto dual-task RT. Structural central bottleneck models predict full carryover, whereas models with no interference (or interference only in postcentral processes, such as response initiation) predict relatively little carryover.
Predictions for Single-Task RT Versus Dual-Task RT
Processing diagrams for the single-and dual-task conditions are shown in Figures 1A-1C .
Model with no interference. Suppose there were no central interference in the dual-task condition. Presumably, subjects would comply with grouping instructions by withholding production of the response selected first on each trial until the other response has also been selected, as shown in Figure 1B . With peripheral interference, preparation effects, and voluntary postponement out of the picture, the tone and letter tasks should be processed with little interference (i.e., about as quickly as in single-task blocks). Why then would there be any substantial dual-task slowing?
One possibility is that it takes more time to produce a grouped response than a single response. It seems unlikely that grouping costs are very large, however, because subjects often prefer to group responses when not instructed otherwise (e.g., Pashler, 1994b) . In addition, Fagot and Pashler (1992) found that subjects could produce both a vocal and a manual response to a visual attribute about as fast as they could produce either response alone (the difference averaged less than 20 msec). 4 Furthermore, Pashler and Johnston (1989) found that subjects encouraged to group responses performed the tasks about as quickly as those who did not group responses. Thus, while grouping might increase RT somewhat, the increase appears to be an order of magnitude smaller than typical dual-task interference effects (350+ msec). Later, we present a control experiment that directly supports this assertion. Also note that our main analyses use the faster of the two grouped responses on each trial, thus eliminating grouping costs due to any refractoriness in response production.
A second reason for dual-task slowing to occur, even if there is no central interference, is that grouped response production depends on the completion of the slowest of the two response selections on every trial. The average finishing time of the slowest of two stochastic processes will be equal to or slower than the finishing time of either one alone. Fortunately, the use of tasks differing substantially in finishing time greatly reduces the amount of dual-task "slowing" predicted by this statistical factor. Nevertheless, to estimate the slowing attributable to this statistical factor, we use the single-task RT distributions of the tone and letter tasks to calculate how long it would take to finish both tasks when performed simultaneously, without interference.
Let F T (t) and F L (t) represent the (observable) cumulative distribution functions (CDFs) of RTs for the tone and letter tasks in single-task blocks. Let F D (t) represent the predicted dual-task CDF (for the f irst of the two grouped responses), based on a model with no interference. As shown in the Appendix,
The result is expressed as an inequality because it depends on the (unknown) correlation between the finishing times of the two tasks. In any case, the dual-task CDF must be greater than F T 1 F L 2 1 at each percentile (ignoring sampling error). 5 If the observed dual-task CDF lies significantly below this limit at any of the percentiles (i.e., demonstrates more slowing than can be explained by statistical factors alone), then the data indicate that there is some source of interference between tasks.
Structural central bottleneck models. According to structural central bottleneck models, on the other hand, central operations in the tone and letter tasks must proceed serially. In the letter task, there is evidence that central (i.e., bottleneck-prone) operations include not only response selection but also "mental rotation" of the stimulus letters (Ruthruff et al., 1995) . Figure 1C shows the sequence of processing stages in the two tasks predicted by a structural central bottleneck model, for the case in which tone-task central operations are performed first (the processing order of the two tasks should make little difference). Dual-task RTs should be roughly equal to letter-task RTs when performed alone (i.e., in single-task blocks) plus the time spent waiting for access to the bottleneck. This waiting time is roughly equal to the duration of tone-task central operations (plus any task-switching time). Thus, on the basis of previous PRP data, we should observe 300 msec or more of dual-task slowing.
Predictions for the Effects of Tone-Task Difficulty
To determine whether the observed dual-task interference, if any, is due to a central bottleneck, we manipulated the duration of central processing on the easier of the two tasks (in this case, the tone task). Specifically, we varied the compatibility of tone-task response selection. Naturally, this manipulation will affect tone-task RT in the single-task condition. The critical question is whether these effects will carry over onto dual-task RT.
Model with no interference. Because the letter task takes more time to complete, dual-task RT will usually depend on the time to complete the letter task, not the time to complete the tone task (see Figure 1B) . Therefore, tone-task difficulty should have a smaller effect on dual-task RT than it does on single-task RT (i.e., there should be less than full carryover onto dual-task RT). This is often referred to as absorption of a factor effect into cognitive "slack." Note that temporal overlap of response selections can lead to absorption even if there are later conflicts in response initiation or production.
Structural central bottleneck models. According to structural central bottleneck models, central operations required by the tone and letter tasks must proceed serially (see Figure 1C) . Therefore, the tone-task difficulty effects should carry over fully onto dual-task RT.
METHOD Subjects
Eight undergraduates at the University of California, San Diego, participated in three daily sessions for partial course credit or $7 per hour.
Stimuli
Tone stimuli consisted of one 800-Hz tone for 17 msec or two such tones separated by 50 msec. Letter stimuli (F, R, J, g), subtending 1.4º horizontally 3 1.9º vertically, were white against a black background .
Procedure
The subjects were to count the number of tones (one or two). In the easy version, the subjects said this number aloud; in the hard version, they said the opposite number aloud (i.e., "two" if they heard one tone, "one" if they heard two tones). 6 The subjects also indicated whether letter stimuli were normal or mirror images by pressing the "j" and "k" keys, respectivel y. This task is similar to "mental rotation" tasks (e.g., Cooper & Shepard, 1973; Ruthruff et al., 1995) , except our stimuli were always upside-down .
In dual-task blocks, the tone and the letter always appeared simultaneously. The subjects were instructed to emphasize both tasks equally and to emit both responses at about the same time. In singletask blocks, either a tone or a letter appeared (chosen at random). The subjects were asked to respond quickly while maintaining high accuracy.
The subjects completed three daily sessions, the first of which was considered practice. Each session consisted of four blocks of 100 trials (which included 20 warm-up trials). Blocks alternated between single and dual tasks. Tone-task difficulty changed after the second block. Block type order was counterbalanced across subjects. The subjects received RT and accuracy feedback at the midpoint and end of each block.
Each trial began with the presentation of a fixation cross for 800 msec, then a blank field for 300 msec, followed by the tone and/or the letter stimuli. After all required responses had been made, accuracy feedback was displayed for 1 sec. The next trial began 1 sec later.
RESULTS
Trials with an RT less than 150 msec or greater than 4 sec (< 1% of all trials) were rerun later in the block. The subjects were reasonably successful at grouping (mean absolute interresponse interval [IRI] = 64 msec); the subjects with small IRIs showed the same results as those with larger IRIs. Unless indicated otherwise, the analyses of variance (ANOVAs) included the following factors: letter/tone task, single/dual task, easy/hard tone task, and session. Figure 2 shows mean RTs and error rates 7 for the tone and letter tasks. An ANOVA on mean RT from singletask blocks revealed that the subjects responded faster to the easy version than to the hard version of the tone task [F(1,7) = 165, p < .001]. In addition, an ANOVA on single-and dual-task RT indicated that the subjects responded to each task more slowly in dual-task conditions than in single-task conditions [tone task, F(1,7) = 36.8, p < .001; letter task, F(1,7) = 36.7, p < .001]. Furthermore, there was a main effect of practice [F(1,7) = 14.9, p < .01].
Main Effects
Predicted Versus Actual Dual-Task RT Figure 3 shows the observed CDFs of dual-task RTs (defined as the time to complete the first dual-task response) obtained by averaging ("Vincentizing"; see Vincent, 1912 ) across subjects; also shown are the "slowest" dual-task CDFs that can be predicted by a model with no interference (see Appendix). The observed dual-task CDF lies significantly below the predicted CDF [F(1,7) > 18, p < .01] at almost all percentiles. In other words, observed dual-task RTs tended to be slower than predicted by models with no interference. Not only were the violations significant, but, in several cases, they exceeded 350 msec. Thus, the data demonstrate considerable dual- task slowing that cannot readily be attributed to voluntary postponement, changes in preparatory state, peripheral interference, or statistical factors. The observed dual-task slowing, however, is fully consistent with structural central bottleneck models and with previous data from traditional PRP experiments.
Effects of Tone-Task Difficulty
The tone-task difficulty effect was 200 msec in singletask blocks. Models with no interference (or with interference only in response initiation/production) predict that this effect should not carry over fully onto dual-task RT (i.e., due to "absorption into cognitive slack"). 8 Contrary to this prediction, tone-task difficulty, if anything, had a somewhat larger effect in the dual-task condition (260 msec) than in the single-task condition (200 msec). 9 These results are consistent with structural central bottleneck models.
CONTROL EXPERIMENTS

Grouping Costs
Can the substantial dual-task slowing observed here be attributed to response grouping? We argued above that this is unlikely, on the basis of previous studies of response grouping. To provide a more precise estimate, we ran a control experiment (N = 6) in which we manipulated whether or not the subjects grouped responses. The tone always preceded the letter by 1.5 sec, effectively eliminating central interference. Response grouping slowed letter-task responses by only 21 msec (SE = 35 msec). This confirms that the costs of holding onto the tone-task response and grouping it together with the letter-task response are at least an order of magnitude too small to account for the dual-task slowing observed in the main experiment. 10 Note that, even if all our observed dual-task slowing were due to grouping costs (a claim rendered unlikely by this control condition), one should still not expect tone-task difficulty to carry over fully onto dual-task RT as it did.
Replication Without Instructions to Group
To further test the conclusion that the interference observed in the main experiment was not attributable to grouping costs, we replicated the main experiment (N = 8) without instructions to group responses. However, the subjects were explicitly and repeatedly told that both tasks were important and that their primary goal was to complete the tasks in as short a time as possible, just as in the main experiment. Thus, there still should have been little motivation to voluntarily postpone central operations on one task or the other. The subjects adopted a range of processing strategies (mean absolute IRI = 201 msec). Some typically responded to the letter task well before the tone task, some responded in the opposite order, and others grouped their responses (see Pashler, 1994b , for an investigation of dual-task processing strategies adopted under equal task emphasis). Despite the complications introduced by this heterogeneity of strategies, we were able to assess dual-task interference by partitioning the dual-task data according to whether the subjects responded to the tone task or the letter task first on that trial. When the subjects responded first to the tone, mean letter-task RT was 374 msec slower than that observed in single-task conditions. When the subjects responded first to the letter, mean tone-task RT was 411 msec slower than that observed in single-task conditions. 11 Thus, even though the subjects were not asked to group responses or to prioritize one task over the other, we still observed very substantial dual-task interference. 
Mental Rotation with Concurrent Articulation
We ran a final control experiment (N = 6) to evaluate the possibility that mental rotation requires subvocalization of letter identities and thus interferes with selection and /or production of the vocal response to the tone. These control subjects performed the letter task by itself or while rapidly and constantly articulating the syllable "bah" (roughly three times per second). If subvocalization is necessary to mentally rotate letters, then the articulation condition should have severely disrupted performance. Instead, concurrent articulation slowed mean letter-task RT by only 36 msec (SE = 27 msec). 12
DISCUSSION
The results revealed large amounts of dual-task slowing-similar in size to that found using traditional dualtask paradigms-despite concerted efforts to eliminate noncentral sources of interference (e.g., voluntary postponement and peripheral interference). In fact, there was no sign that these efforts reduced dual-task slowing at all, relative to previous experiments.
The present results cannot be reconciled in any straightforward way with the absence of central interference. First, that view would seem to predict little or no interference in our paradigm, yet the observed interference was very large. Second, if the central stages on the two tasks proceeded concurrently, as shown in Figure 1B , then the effects of prolonging the central stage of the easier task (the tone task) should have been absorbed into cognitive slack. However, we found no evidence for any such absorption. Kieras (1997a, 1997b) have attempted to explain PRP effects using a complex quantitative model in which there is no structural central interference. On this view, dual-task slowing arises from strategic postponement, delays in motor response programming and production (f irst suggested by Keele, 1973) , and /or peripheral interference (e.g., when both tasks require visual processing). They refer to their model as the executive process/interactive control (EPIC) architecture.
The Executive Process/Interactive Control Model
We explicitly designed the present paradigm to avoid the noncentral sources of dual-task interference proposed by EPIC. Therefore, the fact that substantial dualtask interference remained is certainly a mark against EPIC. Put another way, we looked in the most obvious place for evidence supporting EPIC's core assertion (concurrent central processing) but failed to f ind any.
Nevertheless, EPIC is a complex model, and, with appropriate modification, it might account for the present data. How could this be done? First, one could argue that the subjects were capable of performing central operations on both tasks concurrently but elected to postpone central operations as a matter of strategy. This possibility is unappealing, however, given that our paradigm was explicitly designed to promote simultaneous processing on both tasks. Second, one could argue that the observed dual-task slowing was due to the overhead associated with grouping responses (because Meyer & Kieras, 1997a , 1997b , did not directly address the issue of response grouping, we cannot say exactly what causes this overhead). This possibility seems implausible, given previous research suggesting that grouping costs are at least an order of magnitude too small to account for our results (which probably helps explain why subjects under speed pressure often spontaneously settle into a responsegrouping strategy; e.g., Pashler, 1994b) . In addition, a control experiment in which the subjects were not asked to group responses produced very large interference effects. Third, one might postulate that our experiments engendered competition for peripheral, rather than central, resources. As far as we can tell, none of the peripheral conflicts enumerated by Meyer and Kieras would apply to our tasks. Input conflicts (competition for auditory or visual modules) seem unlikely, given that stimuli were clearly presented (with no masking stimuli) in distinct input modalities. Response conflicts should not have occurred because responses were made using distinct output modalities. Furthermore, the effects of our tone-task central stage manipulation were not absorbed into cognitive slack, suggesting that interference occurred at a central or earlier stage.
Although the present data pose serious problems for EPIC, there appear as yet to be no clearly specified constraints on when different sources of interference postulated by EPIC (e.g., voluntary bottlenecks, peripheral interference) can be invoked. Consequently, we would not claim that these data (or any other potential data for that matter) conclusively refute the EPIC model. (See Coltheart & Coltheart, 1972, and Roberts & Pashler, 2000 , for a discussion of theory testing with very flexible models.) However, if EPIC were further developed, so that it clearly stated the conditions under which the different sources of interference do or do not occur, then the present paradigm might well provide a means of definitively testing the model.
The Central Bottleneck Hypothesis
The present results closely match the predictions of the central bottleneck hypothesis, which says that central operations (e.g., response selection) can proceed on only one task at a time. In the present design, we made no attempt to reduce central interference, so the central bottleneck hypothesis predicted large interference effects, similar to those observed in traditional PRP paradigms. This prediction was confirmed. The central bottleneck hypothesis also correctly predicted full carryover of tone-task difficulty effects onto dual-task RT. Because our paradigm strongly discouraged voluntary postponement, it appears that the central bottleneck reflects a structural limitation inherent in the cognitive architecture (although conceivably able to be circumvented by degrees of practice beyond those examined here).
These data offer perhaps the most definitive evidence to date for the existence of a structural, rather than a voluntary, central bottleneck. However, other data sets-some old and neglected, some recently published-provide additional evidence. Kalsbeek and Sykes (1967) , for instance, asked the subjects to perform a continuous choice-RT task (pressing a footpedal in response to tones) at rates ranging up to 100% of maximum capacity. When the subjects performed concurrent decision-making tasks (e.g., maze-tracing, handwritten composition, or another choice-RT task), severe interference occurred even after extensive practice. Gladstones, Regan, and Lee (1989) confirmed this finding, combining various serial choice-RT tasks not evidently similar in either input or output modality. Of particular interest is the finding of Kalsbeek and Sykes that tone-footpedal task caused semantic deterioration and "primitivization" of handwritten composition. It is hard to see how such interference could be attributed to conflicts in motor production. In addition, several dual-task studies have found evidence for a central bottleneck even when both tasks were emphasized equally (Carrier & Pashler, 1995; Ruthruff et al., 1995) .
SUMMARY
We present data from a new dual-task paradigm, designed to determine whether there is a structural central bottleneck. The results demonstrated considerable dualtask interference that cannot easily be attributed to voluntary postponement, preparation effects, or conflicts in response production. We also observed full carryover of tone-task difficulty effects onto dual-task RT. Both of these results conform well to the predictions of structural central bottleneck models. Further work is needed to see whether these results generalize to other task combinations and whether central interference persists after extended practice. 5. Miller (1982) used very similar logic to test race models of performance on redundant-target trials in a visual search paradigm.
6. The differences in RT between the one-and two-tone conditions, if any, should average out across the experimental factors of interest.
7. A spot check of recorded tone-task responses revealed high accuracy rates for all subjects (> 97%).
8. To estimate how much smaller the tone-task difficulty effect should be, we simulated a model with no interference. We paired every single-task RT from the letter task with every single-task RT from the tone task and then calculated the maximum of each pair. The resulting mean RT was 90 msec greater in the hard tone-task condition than in the easy condition. This is significantly smaller than the observed value of 260 msec [F(1,7) = 24, p < .01].
9. Although not statistically significant, the increase was reasonably large. Therefore it is worth considering what might have caused it. First, the subjects might have prepared less for the letter task when paired with the difficult tone task. In fact, letter-task responses in single-task blocks were 34 msec slower when paired with the difficult tone task. Also, task-switching costs might have been greater following the hard tone task.
10. This control experiment would not detect slowing of the letter task, if any, due to encoding of the tone-task response into memory. On the other hand, any such costs would arguably represent a type of central interference and, thus, should not be predicted by the very models we are trying to test.
11. These interference effects, although quite large, appear to be somewhat smaller than those observed in the main experiment. This difference may be attributable to subject differences or to a speed -accuracy tradeoff: The subjects made 7.1% letter-task errors and had a mean single-task RT of 720 msec in the control experiment but made 3% errors and had a mean single-task RT of 858 msec in the main experiment.
12. The result is perhaps unsurprising given that both R and rotated-R have the same name; hence, the letter name does not indicate which response should be made.
The purpose of this Appendix is to determine the relationship between single-task and dual-task RT distributions predicted by a model in which there is no interference between tasks. The main assumptions are that (1) once begun, all stages proceed just as fast in the dual-task condition as they do in the single-task condition (i.e., without interference), and (2) response initiation and execution begin only once response selection has been completed on both tasks (see Figure 1B) . The latter assumption allows for the grouping of responses. For convenience, we derive predictions for the first (i.e., fastest) of the two grouped responses on each dual-task trial.
Let the random variables RT T and RT L represent the completion times of the tone and letter tasks in the single-task condition, and let RT D represent the completion time of the first response in the dual-task condition. The total RT can be broken down into two additive components: (1) the stages up to and including response selection, which we call RS, and (2) the response stages (initiation, execution, etc.) that follow response selection, which we call RE. Thus, RT T = RS T The probability that RT D is greater than t milliseconds (i.e., the "survivor function") is
2 p(RT T > t and RT L > t), for all t.
The first two terms on the right side of Equation A2 can be estimated from single-task blocks. The third term, meanwhile, depends on the correlation between RT T and RT L , which is unknown. It is a probability, however, so it can never be less than zero. Therefore, it must be the case that
Letting F D , F L , and F T denote the cumulative distribution functions [i.e., p(RT # t)] of RT D , RT L , and RT T , respectively, this equation reduces to 
